Summary. Abnormalities of ascorbic acid metabolism have been reported in experimentally-induced diabetes and in diabetic patients. Ascorbate is a powerful antioxidant, a cofactor in collagen biosynthesis, and affects platelet activation, prostaglandin synthesis and the polyol pathway. This suggests a possible close interrelationship between ascorbic acid metabolism and pathways known to be influenced by diabetes. We determined serum ascorbic acid and its metabolite, dehydroascorbic acid, as indices of antioxidant status, and the ratio, dehydroascorbate/ascorbate, as an index of oxidative stress, in 20 matched diabetic patients with and 20 without microangiopathy and in 22 age-matched control subjects. Each study subject then took ascorbic acid, 1 g daily orally, for six weeks with repeat measurements taken at three and six weeks. At baseline, patients with microangiopathy had lower ascorbic acid concentrations than those without microangiopathy and control subjects (42.1+19.3 vs 55.6 _+ 20.0, p < 0.01, vs 82.9 _+ 30.9 gmol/1, p < 0.001) and elevated dehydroascorbate/ascorbate ratios (0.87+0.46 vs 0.61 + 0.26, p < 0.01, vs 0.38 + 0.14, p < 0.001). At three weeks, ascorbate concentrations rose in all groups (p < 0.0001) and was maintained in control subjects (151.5 + 56.3 ~tmol/1), but fell in both diabetic groups by six weeks (p<0.01). Dehydroascorbate/ascorbate ratios fell in all groups at three weeks (p < 0.0001) but rose again in the diabetic groups by six weeks (p < 0.001) and was unchanged in the control subjects. Dehydroascorbate concentrations rose significantly from baseline in all groups by six weeks of ascorbic acid supplementation (p < 0.05). No significant changes were observed in fructosamine concentrations in any group during the study. Diabetes mellitus is associated with a major disturbance of ascorbic acid metabolism which is only partially corrected by ascorbate supplementation.
Reduced levels and altered metabolic turnover of ascorbic acid (AA, vitamin C) have been reportedin severaltissues in experimen tally induced diabetes [1] [2] [3] and in diabeticpatients [4] . There are reports that high dose vitamin C regimens are associated with reversal of early signs of retinopathy [5] and normalisation of capillary strength in diabetes mellitus [6] . In the elderly non-diabetic population AA is often deficient and may be correctable by supplementation [7] -this problem might be of particular significance in elderly diabetic patients who are reported to show more rapid progress of some diabetic complications [8] .
Ascorbic acid functions as an important component of cellular defence against oxygen toxicity and lipid peroxidation caused by free radical mechanisms [9, 10] . During scavenging of free radicals it is converted to dehydroascorbic acid, DHA, in serum and in the mitochondrial fractions of various tissues [11] . It is also a co-factor in the biosynthesis and post-translational modification of collagen due to interaction with proline hydroxylase [12, 13] , and has been demonstrated to affect immune function [14] , platelet activation [15] , prostaglandin synthesis [16] and the polyol pathway [3] . These observations suggest apossible close interrelationship between AA metabolism and pathways known to be influenced by the diabetic process.
Although leucocytes act as a storage reservoir for ascorbic acid and thus are considered by some workers to reflect overall vitamin C status, leucocyte concentrations do not correlate well with intake [17] , are technically more difficult to measure, and are subject to a variety of influences such as stress, surgery, tobacco smoking, and exercise [18] . In comparison, plasma and serum ascorbate levels have been shown to reflect metabolic turnover of the vitamin [19] , respond more rapidly to supplementation [20] , and are relatively simple and convenient to measure. Single measurements of ascorbate in serum and urine for the purpose of assessing vitamin C status remains of limited value but when measured several times are thought to be a good indicator of tissue concentration [21] . " Patients with complications had significantly lower ascorbic acid (AA) than patients without (p < 0.01) and both groups had lower concentrations than control subjects (p < 0.001 andp < 0.01, respectively). b Patients with complications had greater dehydro-ascorbic acid (DHA)/AA ratios than patients without (p < 0.05) and both groups had higher ratios than control subjects (p < 0.01 andp < 0.05, respectively)
In addition, the ascorbic acid content of polymorphonuclear leucocytes has been shown to correlate positively with plasma concentration [22] . We have studied the relationship between serum AA (and its metabolite dehydroascorbic acid, DHA) and the presence of microangiopathy in a group of elderly Type 2 (non-insulin-dependent) diabetic patients. The effects of six weeks AA supplementation on serum AA and DHA concentrations are also reported.
Subjects and methods
Twenty Type 2 diabetic patients with retinopathy and 20 without any evidence of complications were studied. All subjects were over 60 years of age and had been diabetic for at least two years. They were attending the outpatient department of East Birmingham Hospital. Retinopathy was defined on the basis of funduscopic examination through dilated pupils by the presence of any of the following: haemorrhage, exudate, microaneurysm or proliferation. The 20 patients without complications had no evidence of microvascular disease (fundi normal on funduscopic examination of the dilated eyes, no proteinuria on albustix testing, normal serum urea and creatinine, and no clinical signs of peripheral neuropathy). The examination was carried out by two experienced observers.
All patients were normotensive for their age and had no major evidence of macrovascular disease (no relevant history, palpable foot pulses, normal ECG). Each had normal serum albumin and haemoglobin concentrations. Four patients with and three patients without microangiopathy were being treated with insulin; the rest were treated with dietary instruction and/or oral hypogtycaemic agents. Three patients in each group smoked cigarette tobacco.
Twenty two age-matched control subjects (11 male, 11 female) were recruited from the local community. None had any significant history of treatment for hypertension. None were cigarette tobacco smokers but two subjects smoked pipe tobacco.
The clinical characteristics of the patients and control subjects are given in Table 1 . Based on initial plasma levels of ascorbic acid none of the control subjects were overtly nutritionally-deficient in this vitamin. One month prior to entry into the study subjects underwent dietary assessment and were asked not to take added vitamin supplements. Diabetic patients were all following a high fibre, low fat diet. The subjects were seen on three study days: at entry, and at three and six weeks after oral vitamin C supplementation (1 g daily) to their diet. No subjects defaulted from the study, and no illness or adverse effects were recorded.
Venous blood was taken from each subject approximately 1.5-2 h after breakfast on each study day. Subjects took their regular daily dose of vitamin C after blood sampling on the three and six week study days. Venous serum was separated from each blood sample by centrifugation immediately after venepuncture. An aliquot of serum was vortex mixed with an equal volume of 10% metaphosphoric acid (MPA) and was centrifuged for 7 min at 3,500 g at 4~ The supernatant was decanted and stored at -70~ for less than one week to enable assays to be analysed in single batches. Ascorbic acid and dehydroascorbic acid were measured on the supernatant by HPLC by a modification of a previous method developed in this laboratory [23] . Addition of EDTA and gassing with nitrogen, precautions which were previously undertaken to prevent oxidation of AA to DHA in the MPA-extracted samples, were omitted since we observed negligible conversion of AA to DHA in their absence (unpublished data). We further modified our methodology by substituting methanol/water as the mobile phase with acetonitrile, disodium phosphate buffer, and a small percentage of glacial acetic acid; this combination produces im- Ascorbate was measured by ultraviolet absorption at 254 nm, and dehydroascorbic acid as its fluorescent O-phenylenediamine derivative (ex 360 em 455 nm) [23] . The within batch coefficient of variation, (CV) was 3.1% for AA, and 4% for DHA, and the between batch CV was 3.8% for AA, and 4.5% for DHA.
Glucose was measured using a glucose oxidase method and fructosamine was measured as previously published (within batch CV for the assay, 1.5%, between batch CV, 3.0%) [24] . The measured concentrations of AA and DHA were used as indices of antioxidant status, and the ratio DHA/AA was used to give an index of the degree of oxidation occurring to AA in the serum (oxidative stress).
After approval for the study from the local hospital Ethics Committee both patients and control subjects gave individual, informed written consent to participate.
Statistical analysis
Baseline data were analysed by non-parametric procedures (MannWhitney U test; Kruskal-Wallis analysis). A repeated measures analysis of variance was applied to each variable for the AA supplementation phase of the study. Results are expressed as means + SD.
Results
At baseline, patients with microangiopathy (MA) had significantly lower concentrations of AA compared with those without MA (p < 0.01) who in turn had significantly lower concentrations of AA than control subjects Weeks of AA supplementation 173 (p < 0.01). Patients with MA had significantly elevated DHA/AA ratios compared with those without MA (p < 0.01) and control subjects (p < 0.001). No significant differences were seen in DHA concentrations between the groups and the diabetic groups did not differ significantly in serum fructosamine concentrations (Table 1) . After AA supplementation, concentrations of AA rose significantly (p < 0.0001) at three weeks in all groups (Table 2 ) reaching a mean peak concentration of 151.7, 113.3, and 126.9 gmol/1 inthe control subjects, diabetic patients without MA, and diabetic patients with MA, respectively (p < 0.01, control subjects vs the group with MA and the group without MA).
After six weeks of AA supplementation, the mean concentration of AA was maintained in the control group but fell in both diabetic groups (p < 0.01, MA group;p < 0.05, no MA group). These concentrations, however, were still significantly higher than at baseline (p < 0.001).
The DHA/AA ratios ( Fig. 2 ) fell significantly in all groups at three weeks after AA supplementation (p < 0.0001). At six weeks the mean DHA/AA ratio rose significantly in both diabetic groups (p < 0.001) but remained unchanged in the control subjects. The DHA/AA ratios still remained significantly lower than at baseline (p < 0.001) in all groups.
Concentrations of DHA rose significantly from baseline by six weeks of AA supplementation (p < 0.05).
The plasma concentrations of glucose did not significantly alter during the study in the control group but rose in both diabetic groups by three weeks (p < 0.02) and then showed a non-significant fall at six weeks. There were no significant changes in serum fructosamine concentrations in any of the groups during the study.
Discussion
We found reduced concentrations of AA and increased oxidative stress (as evidenced by elevated DHA/AA ratios) in a group of elderly Type 2 diabetic patients when compared with an age-matched non-diabetic control group. These abnormalities were more pronounced in those patients with microangiopathy. This latter obsmwa- Fig.2 . Dehydroascorbicacid/ascorbicacid (DHA/AA) ratios in diabetic patients ( 9 = with complications,/x = no complications) and in control subjects (0) at baseline (0 weeks) and during ascorbic acid supplementation. Mean ( _+ SD bars). * patients with complications had greater DHA/AA ratios than patients without (p < 0.01) and both groups had higher ratios than control subjects (p < 0.001 andp < 0,01), respectively). ** p < 0.0001, compared with the DHAJAA ratios at 0 weeks (all groups). *** p < 0.001, compared with three weeks (diabetic groups only). Ratios remained significantly lower (p < 0.001) than at baseline (0 weeks) in all groups tion is contrary to our previous findings of a trend towards higher ascorbate concentrations in patients with retinopathy [25] . However, in this former study, the differences Were not statistically significant, the patients studied were much younger, were both Type 1 (insulin-dependent) and Type 2 (non-insulin-dependent), and were not matched for disease duration.
Low concentrations of AA in diabetes are probably due to a high metabolic turnover [4] reflecting increased consumption of AA by oxidation to DHA. These observations could be related to the free radical scavenging (antioxidant) role of AA [9, 10] and increased free radical activity has been previously demonstrated in diabetes [26, 27] . In an earlier study we suggested that free radical mechanisms might be implicated in the development of microangiopathy [28] .
Studies using human lymphocytes suggest that competitive inhibition between glucose and ascorbic acid, which have structural similarities (Fig. 1) , for transport across the cell membrane may be one mechanism for our finding of low concentrations of AA in diabetic sera [29] . Similar effects of glucose analogues (3-O-methylglucose/2-deoxyglucose) on the in vitro uptake of DHA by polymorphonuclear leucocytes and fibroblasts have been described [30] . A recent study has also demonstrated prompt intracellular depletion of AA in human mononuclear leucocytes following an intravenous glucose tolerance test [31] . We could not, however, demonstrate a relationship between AA and glycaemic control suggesting that lowered AA concentrations in diabetic patients are not a direct consequence of hyperglycaemia. This is in agreement with a previous study [4] but in another study an inverse relationship between plasma AA and glycosylated haemoglobin was reported [3 ] .
The lack of a significant difference in DHA concentrations between control subjects and diabetic patients is in accord with previous studies [32, 33] , but contrary to earlier reports of elevated DHA in Indian diabetic patients [4, 34] . This discrepancy is unlikely to be due to differences in type or severity of diabetes since DHA concentrations (without ascorbic acid supplementation) are not related to treatment, duration of illness or blood glucose concentrations [4] . Other workers calculated DHA as total vitamin C minus measured AA. This method ignores the contribution of diketogluconic acid, a breakdown product of AA. We separately measured AA and DHA using a sensitive HPLC method [23] and therefore avoided this error.
After AA supplementation in control subjects serum concentrations of AA rose significantly by three weeks and were maintained at this level at six weeks. Similarly, there was a significant rise in AA concentrations at three weeks (although peak concentrations were significantly lower than in control subjects) in both diabetic groups, but in striking contrast to the control subjects, concentrations of AA fell significantly in all patients by six weeks despite continued AA supplementation. These data suggest a major defect in ascorbic acid metabolism in diabetes which is unlikely to be related to glycaemic control as this did not alter significantly during the study. Furthermore, this metabolic defect appears to be common to all patients A. J. Sinclair et al.: Ascorbic acid metabolism and diabetes mellitus with diabetes irrespective of whether or not they have microvascular complications.
A recent study was unable to demonstrate excessive loss of urinary ascorbic acid in diabetic patients [35 ] , but AA supplementation in our study might have created an 9 exaggerated loss before homeostatic compensation occurred. It has already been estimated that the body pool size of AA is about 1500 mg and that orally administered vitamin C appears in the urine only when this limit has been reached or exceeded [36] . The significant fall in DHA/AA ratios in all groups during the first three weeks of ascorbate supplementation implies a striking reduction in oxidative stress reflecting the role of AA as an important antioxidant. The more pronounced fall in the ratios in the diabetic patients compared with the control subjects may be due to tissue ascorbate deficiency in diabetes [1] with a consequent rapid uptake of AA via metabolism to DHA. The rise in the DHA/AA ratios in the diabetic groups after six weeks of AA supplementation provides additional evidence for a disturbance in AA metabolism in diabetes. This might be related to a 'pro-oxidant' action of AA (that is, promotes lipid peroxidation) when a critical concentration of AA is reached and maintained [37, 38] . This in vivo concentration is not known with certainty but might vary between diabetic patients and normal subjects.
Concentrations of DHA rose in all subjects after six weeks AA supplementation irrespective of whether the subject was diabetic or not. We cannot explain why DHA concentrations were not higher at three weeks in view of the large doses of AA given but DHA accumulation may just be a general metabolic response to AA loading and indicate stochiometric conversion of AA to DHA and not due to any specific differences in AA metabolism or impairment of DHA uptake or excretion. Our data did not confirm the view that DHA has an independent diabetogenic action [39] .
We conclude that patients with Type 2 diabetes demonstrate a significant disturbance in the metabolic handling of ascorbic acid. The biological importance of these observations remains unclear and requires further investigation from longer term controlled trials of vitamin C supplementation in patients with diabetes mellitus.
